In this paper, the graphene oxide (GO) modified by polycarboxylate superplasticizer (PC) (PC@GO) was decorated by silica nanoparticles (SiO 2 NPs) to form a hybrid structure of SiO 2 NPs/PC@GO. The asprepared SiO 2 NPs/PC@GO hybrid was incorporated in cement matrix for further reinforcement. The results show that SiO 2 NPs are uniformly distributed on the surface of GO nanosheets. The addition of SiO 2 NPs/PC@GO hybrid (1.5% SiO 2 and 0.02% GO by weight of cement) can increase the compressive strength by factors of 38.31%, 44.47% and 38.89% at 3, 7, 28 days, respectively, which are much higher than those of cement composites reinforced by a single-promoter (either PC@GO or SiO 2 NPs).
Introduction
Cement-based composites are the most important and widely used building materials at present. However, their inherent quasi-brittle behavior has limited their structural applications due to the associated crack propagation and poor tensile strength. Researchers have employed the use of cement composites with a wide variation of reinforcements, such as steel bars, steel bers, glass bers, polymer bers and carbon bers, etc. However, the traditional reinforcements are either in the macro-scale or micro-scale; they can enhance the crackresistance in the macro/micro scale, but they fail to stop the initiation and propagation of nano-cracks. [1] [2] [3] Therefore, this creates a need to use a material with nano-size dimension as the reinforcing agent for cement-based materials.
Graphene has emerged as the star of carbon nano-material due to its exceptional mechanical, electrical and thermal properties. 4 However, difficulties in dispersing graphene and high cost of production limit its widespread applications. As a graphene derivative, graphene oxide (GO) is the product of chemical oxidation and subsequent exfoliation of nature graphite akes (inexpensive source). During oxidation, many oxygen-containing functional groups are introduced on GO surface, rendering GO nanosheets hydrophilic and easy to disperse in water. 4 The high specic surface area, extraordinary intrinsic strength and good dispersion property make GO an attractive candidate for reinforcing cement composites. It is reported that the addition of GO can accelerate cement hydration, regulate the microstructure of hydration crystals and signicantly improve the mechanical behavior of cement composites. 2, 3, [5] [6] [7] [8] However, it is difficult to disperse GO nanosheets in alkaline cement matrix due to the electrostatic interactions between the negatively charged GO layers and Ca 2+ , K + , Na + OH À ions in cement pore solution. So either chemical modication or the use of surfactant is needed to achieve uniformly dispersed GO nanosheets in alkaline cement matrix. Concerns are raised regarding the inevitable side-effects of these modication agents or surfactants. For instance, they can retard cement hydration, entrap substantial air or improve the viscosity of cement paste. [9] [10] [11] [12] The positive effects of GO may be impaired due to the side-effects of modication agents or surfactants. Therefore, there is a trade-off between the positive effects of GO with high dosage and the negative inuences of modication agents or surfactants.
SiO 2 NPs with high specic surface area have been widely utilized to reinforce cement composites and have produced remarkable improvement in mechanical strength on account of nucleus effects and lling effects. 13 Moreover, SiO 2 NPs with pozzolanic activity can consume calcium hydroxide (CH) to form stable calcium silicate hydrate (C-S-H) gels. These advantages of SiO 2 NPs provide the motivation to hybridize with GO nanosheets for further enhancement in mechanical properties of cement composites.
Although numerous studies have been conducted concerning the reinforcing effects of various nano-materials on cement composites, very limited researches have been carried out on the co-effects of 0D SiO 2 NPs and 2D GO nanosheets on mechanical behavior and hydration process of cementitious materials. In this research, a hybrid structure of SiO 2 NPs decorated PC@GO was prepared and incorporated in cement composites for further reinforcement. The hydration characteristics of cement pastes with the addition of nano-additives (SiO 2 NPs and/or PC@GO) were also examined by means of isothermal calorimetry, thermal gravity analysis (TGA) and differential scanning calorimetry (DSC). Microstructure of hydration products was examined by means of scanning electron microscope (SEM) equipped with an energy-dispersive Xray spectrometer (EDS). Based on these results, the mechanisms of synergistic effects of SiO 2 NPs/PC@GO hybrid on cement hydration and pozzolanic reaction were proposed at last. This research may pave a novel way to prepare cement composites with signicantly enhanced mechanical properties reinforced by SiO 2 NPs/PC@GO hybrid.
Experimental

Materials
Portland cement conforming to the requirements of type P.I. 52.5R and standard sand were used in this research. The chemical composition of cement and the gradation of sand are listed in Tables 1 and 2 , respectively. The chemicals used in this research were graphite (size # 30 mm), concentrated sulfuric acid (H 2 SO 4 , 98%), potassium permanganate (KMnO 4 ), sodium nitrate (NaNO 3 ) and hydrogen peroxide (H 2 O 2 , 30%). Polycarboxylate superplasticizer (PC) with solid content of 40% was used as the modication agent of GO. Commercially available SiO 2 NPs with a mean particle size of 15 nm provided by Aladdin were used in this study. The Fourier transform infrared (FT-IR) spectra and X-ray diffraction (XRD) pattern of SiO 2 NPs are shown in Fig. 1(a) and (b 
Preparation and characterization of PC@GO
GO was produced from the oxidation of graphite based on the modied Hummer's method that involves three steps, i.e. oxidation, purication, and exfoliation. Functional groups containing oxygen were inserted into graphite layers during the oxidation process in a water bath under the action of oxidizing agents (concentrated H 2 SO 4 , KMnO 4 and H 2 O 2 ). Aer oxidation, the bright yellow suspension was ltered and centrifuged with deionized water repeatedly until the product was free of SO 4
2À
ions. Ultrasonic treatment was carried out to widen the interlayer space and exfoliate graphite oxide to graphene oxide. The product was nally dried under vacuum at 60 C for 10 hours.
Dispersion of GO is crucial to fulll its function as nanoller. However, the dispersion of GO in alkaline cement matrix has proven to be a rather challenge due to the presence of charged ions in cement pore solution. In this study, a newgeneration polycarboxylate-based superplasticizer (PC) providing space steric hindrance effect was used as the modication agent. First, the as-prepared GO and PC were dissolved respectively in deionized water with the aid of ultrasonic. Then mix them together by gradually dropping the diluted PC into GO solution. The mixture was kept at 60 C for 10-20 min under continuous stirring to promote the reaction and then was subjected to ultrasonic vibration for better exfoliation and dispersion of GO nanosheets. The FT-IR spectra of GO (Fig. 2) Fig. 3 shows the XRD patterns of GO and PC@GO. A peak centered at 10.43 in GO pattern corresponds to the interplanar distance of 0.86 nm, which is larger than that of graphite (0.34 nm) due to the incorporation of oxygen-containing functional groups. However, there is no apparent diffraction peak in the pattern of PC@GO, indicating the disorder distribution of exfoliated GO nanosheets aer modied by PC. The dispersion of PC@GO in alkaline cement matrix was investigated by means of transmission electron microscopy (TEM). A certain amount of the synthesized PC@GO was dispersed in the simulative cement pore solution (mixed solution of Ca(OH) 2 , NaOH and KOH, pH ¼ 13.5). Aer gentle shaking, a drop of solution was dripped onto Cu grids and then dried at room temperature to get rid of the moisture before conducting TEM analysis. It was validated that to keep dispersion in the simulative cement pore solution, the acceptable mass ratio of PC to GO was 10.
Preparation and characterization of SiO 2 NPs suspension and SiO 2 NPs/PC@GO hybrid
A certain amount of SiO 2 NPs were dispersed in deionized water in the presence of PC using ultrasonic energy for 10 min. To obtain SiO 2 NPs/PC@GO hybrid, a certain amount of SiO 2 NPs and additional PC (if necessary) were introduced into the synthesized PC@GO solution under electromagnetism stirring. Ultrasonic vibration procedure was carried out for about 10 min to facilitate the dispersion of SiO 2 NPs on GO nanosheets. In these suspensions, PC could serve a dual function, dispersing SiO 2 NPs as surfactant and reducing water in the subsequent mix procedure as superplasticizer. The two suspensions were diluted 100 times to characterize the dispersion of SiO 2 NPs and SiO 2 NPs/PC@GO hybrid using TEM images.
Preparation and characterization of cement mortars
2.4.1. Mix design of cement mortars. The cement mortars were prepared by mixing cement, water, sand, PC (if necessary) and nano-additives (PC@GO and/or SiO 2 NPs). The water cement ratio was remained to be 0.45. Cement and standard sand were mixed in a proportion of 1 : 3 by mass. Four types of samples were prepared: the reference sample (without any PC@GO or SiO 2 NPs) and the samples containing PC@GO and/ or SiO 2 NPs as SiO 2 NPs partial replacement of cement. These samples were labeled as plain-cement sample, GO-cement sample, SiO 2 -cement sample and hybrid-cement sample, respectively. The concentration levels of nano-additives were varied according to the test scheme. Need of special note was that in SiO 2 -cement sample and hybrid-cement sample, the Fig. 1 (a) FT-IR spectra of SiO 2 NPs; (b) XRD patterns of SiO 2 NPs. Fig. 2 The FT-IR spectra of GO. Fig. 3 The XRD patterns of GO and PC@GO. dosages of PC were decided on the basis of achieving the required workability. The summarized mix recipes are listed in Table 3 . 2.4.2. Mixing procedure. The aqueous suspensions of PC@GO, SiO 2 NPs and SiO 2 NPs/PC@GO were used in the mixing procedure with cement. The suspensions of nanoadditives were synthesized in the same way described earlier based on the recipes in Table 3 . Make sure the total water in all suspensions was consistent with the blending water. The dry contents were rst mixed for 30 s in the mixer at low speed. Then the suspension of nano-additive was added to the mixer and continuously mixed at low speed for another 30 s and at high speed for a third 30 s. Stop the mixer for 90 s, during which the paste on the sides of the bowl was scraped down. At last operate the mixer at high speed for an additional 60 s. Aer mixing, the fresh cement mortar was poured into a rectangle mold with the dimension of 40 mm Â 40 mm Â 160 mm. Subsequently it was compacted on a vibration table to remove the entrapped air. Aer curing in air for 24 h, all samples were demolded and moist cured (95% relative humidity) at room temperature until mechanical property tests.
2.4.3. Characterization. Aer mixing, a portion of fresh cement mortar was poured into a conical mold to perform the mini-slump test. The test procedures were followed by ASTM C1437-13. The mean value of two perpendicular spread diameters of fresh cement mortar on the table was designated as the uidity.
Ultrasonic pulse velocity measurement was conducted by a pulse meter on hardened cement mortars to characterize air voids. The lightly greased transducers were placed on two sides of the rectangular specimens (40 mm Â 40 mm). Three samples were tested for each mix. The pulse velocity was measured at least 3 times for each sample.
Compressive strengths of cement mortars were determined on a compression testing machine with the pressure increasing ratio of 2400 AE 200 N s À1 . For each recipe of cement mortar, three samples were tested and the average was taken, the results were evaluated according to the standard deviation. The microstructure of the hydration products of these cement composites was examined using a eld emission scanning electron microscope (SEM) coupled with an energydispersive X-ray spectrometer (EDS). The SEM samples were remanet pieces about 5 mm 2 from cement mortars which had been tested under compression. They were xed on a copper stub and coated with a thin layer of Pt before examination. In order to investigate the degree of cement hydration and pozzolanic reaction in the cement paste by means of thermal gravity analysis (TGA) and differential scanning calorimetry (DSC), four cement pastes (plain-cement sample, GO-cement sample, SiO 2 -cement sample and hybrid-cement sample) were prepared according to the mix design in Table 3 but without sand. The concentration levels of GO and SiO 2 were xed at 0.02% and 1.0% by weight of cement, respectively. Aer curing for 3, 7 and 28 days, 40-50 mg ne powders ground from these hardened pastes were heated from room temperature to 1000 C under nitrogen ow with the heating rate of 10 C min À1 .
XRD analysis was performed to determine the crystalline phase in cement pastes with a scanning rate of 0.02
range of 5-60 aer 28 days curing. The samples were prepared in the same way with those for TGA measurements. In order to get deeper insights into the effects of nanoadditives on cement hydration, heat of hydration measurements were conducted using TAMAIR isothermal conduction calorimeter instrument at a bath temperature of 23 C, the hydration time was chosen to be 72 h. The test samples were prepared based on the recipe in Table 4 . To be weighted accurately, GO was added at the amount of 0.1% by weight of cement (larger than that in cement mortars for mechanical tests) in GOcement sample and hybrid-cement sample. Since the effects of PC had to be removed from the present analysis, another reference sample containing 1% PC by weight of cement was simultaneously prepared and tested.
Results and discussion
Dispersion property of PC@GO and SiO 2 NPs/PC@GO
It was found that severe GO agglomeration occurred in simulative cement pore solution (mixed solution of Ca(OH) 2 , KOH and NaOH, pH ¼ 13.5), due to the interactions between the charged ions (OH À , Ca 2+ , K + , Na + ) and negatively charged GO functional groups that disturb the electrostatic repulsion between GO nanosheets. In this research, chemical alternation of the GO nanosheets surface through creation of covalent bonds with PC was used to exhibit highly dispersed feature in alkaline cement matrix and fulll effective reinforcement. Experiments have shown that PC@GO can maintain long-term dispersion in the alkaline solution without any discernible precipitation. More information can be found in ref. 8 . TEM was used to visualize the morphology and dispersion states of nano-additives. Fig. 4(a) indicates the aky nature of GO nanosheets. Another striking observation is the crumpled and wrinkled surface texture, implying the overlapped GO layers. While as revealed in Fig. 4(b) , PC@GO possesses the smooth surface with curved edges, a feature that is favorable for better interlocking with cement hydration products. The ake-like GO nanosheets instead of agglomerates in Fig. 4 (c) and (d) verify the successful dispersion of GO in simulative cement pore solution aer modied by PC. The black shadows are inorganic salts in alkaline solution. Fig. 4(e) shows the severe agglomerates of SiO 2 NPs although they have been subjected to ultrasonic treatment at the presence of PC. In contrast, the SiO 2 NPs tend to distribute uniformly on GO nanosheets with better dispersion, as illustrated in Fig. 4(f) . Fig. 5 shows the dispersion mechanism of PC@GO in alkaline solution. PC is polycarboxylate-based dispersant composed of comb-like copolymers with graed chains of polyoxyalkylene groups and carboxyl groups. 10 The structure of PC is shown in Fig. 5(a) . It is deduced that PC macro-molecules have been graed on GO nanosheets through covalent bonding between PC's carboxyl groups and the oxygen-containing functional groups on GO surface (Fig. 5(b) ). This plays a fundamental role in weakening the van der Waals forces between GO layers. 8 In the subsequent ultrasonic treatment, GO nanosheets are exfoliated easily and dispersed randomly. Additionally, the strong steric hindrance effects offered by PC lateral chains can mechanically separate the charged ions in cement pore solution away from GO nanosheets. The dispersion mechanism is presented in Fig. 5(c) .
The dispersion mechanism of SiO 2 NPs on GO surface is illustrated in Fig. 6 . SiO 2 NPs tend to attract each other spontaneously to form agglomerates due to the high specic surface energy. As shown in Fig. 6(a) , there are a large number of silanol groups on the surface of SiO 2 NPs, so the self-condensation of Si-OH groups is another major factor for the aggregation of SiO 2 NPs. When SiO 2 NPs are introduced into the synthesized PC@GO solution, covalent interactions between Si-OH and functional groups of GO (-COOH, -OH, C-O-C) may take place (Fig. 6(b) ).
14 As a result, SiO 2 NPs are uniformly deposited on GO surface (Fig. 6(c) ). The Si-OH groups are expected to ionize in aqueous solution, so the improved dispersion property of SiO 2 NPs/PC@GO hybrid is also beneted from the electrostatic repulsion between GO nanosheets covered with negatively charged SiO 2 NPs, as depicted in Fig. 6(d) .
Workability
It is generally known that the adequate workability is the prerequisite to ensure the homogeneous of cement-based composites. However, the inclusion of nano-material in cement composites demands available water to wet its large surface and severely degrades the uidity. This may lead to the increase of viscosity and the remaining of entrapped air in the cement matrix. In this research, mini-slump tests were conducted on fresh cement mortars to investigate the effects of PC@GO and/or SiO 2 NPs on the uidity. Besides, air voids in hardened cement mortars were characterized by ultrasonic pulse velocity measurement. The principle of this test is sending a wave pulse into the cement mortar and measuring the travel time for the pulse to propagate through the mortar, then calculating the velocity of the pulse traveling through the cement mortar. 7 When a large air void lies directly in the pulse path, waves will deect around the void instead of transmitting through it. As a result, the velocity will be lower in the sample with large air voids. The results of mini-slump tests and ultrasonic pulse velocity are listed in Fig. 7 .
It clearly shows that with the addition of PC@GO, the uidity diameter increases linearly except the slight decrease for GOcement sample with 0.01 wt% GO (0.1 wt% PC) by weight of cement. Compared with the uidity diameter, the ultrasonic velocity of hardened cement mortars containing PC@GO shows very different development tendency. With the addition of PC@GO, the velocity rstly increases, and then sharply decreases aer reaching an optimum value.
This creates a very interesting phenomenon: the uidity of GO-cement sample containing 0.04 wt% GO (0.4 wt% PC) or 0.06 wt% GO (0.6 wt% PC) is relatively high, while the pulse transmission velocity in corresponding sample is much lower than that in GO-cement sample with 0.02 wt% GO, indicating the entrapment of large air voids. This contradiction can be explained in terms of the side-effects of overdosed PC.
Increasing GO content while the water/cement ratio is held constant may cause difficulty in dispersing GO within alkaline cement matrix. So a large quantity of PC is needed for better dispersion of GO. Although the water/cement ratio used in this research is as large as 0.45, the activity of P.I. 52.5R cement grains is so high that considerable free water is enclosed in the occulated cement structure. As the PC concentration increases, the redundant gra chains may cause the formation of clusters since the space between either free or the adsorbed PC is not sufficient (Fig. 8(a) and (b) ). These clusters will entrap free water, as a result, the inter-particle friction and viscosity signicantly increase, leading to the introduction of air voids during the mixing process. 12 For GO-cement sample with 0.06 wt% GO (0.6 wt% PC), the side-effects of PC become complicated. A good deal of entrapped water is released from the occulated cement structure due to the excellent dispersive function of PC. The free water and ne cement particles oat to the upper direction, sand particles descend with gravity, resulting in heterogeneous distribution of bleeding water, viscous paste-rich part and segregated sand-rich part, as shown in Fig. 8(c) . Moreover, the foam accompanying PC at high dosage may entrain plentiful air in the cement mortar. In the compaction process on a vibration table, the rising air bubbles are embedded in viscous paste-rich part instead of escaping out. These embedded air bubbles gradually aggregate to form large air voids, as presented in Fig. 8(c) .
As can be observed, for SiO 2 -cement samples and hybridcement samples, the uidity diameters are within the range of 170 mm AE 3 mm, the ultrasonic pulse velocities uctuate from 
Mechanical behavior
To evaluate the reinforcing effects of PC@GO and/or SiO 2 NPs on mechanical behavior of cement composites, the compressive strength tests were performed on these four kinds of cement mortars aer curing for 3, 7 and 28 days. The results are presented in Fig. 9 . The dosages of nano-additives are calculated by weight of cement. It clearly observes that for GO-cement samples and SiO 2 -cement samples at all curing ages, the compressive strengths improve progressively as the concentrations of nano-additive increase, but they decrease slightly with higher nano-additive contents. The incorporation of 0.02 wt% GO leads to enhancement factors of 30.68%, 25.43% and 24.58% in compressive strength at 3, 7 and 28 days, respectively. While, up to 1.0 wt% SiO 2 NPs shows a similar reinforcement, indicating that GO has better reinforcing effects than SiO 2 NPs, especially at early days. The improved mechanical strength of GO-cement samples is attributed to a combination of the accelerated cement hydration, excellent interfacial bonding and rened microstructure.
5-8
However, with the addition of 0.04 wt% GO or 0.06 wt% GO, there is a little decrease in compressive strength compared with the maximum value, which may be ascribed to the side-effects of overdosed PC, as described in Section 3.2. The heterogeneous distribution of sand and hydration products, continuous ow paths of bleeding water together with the entrapped large air voids tend to counteract the benets of GO. 11, 15 Therefore, too much GO should be avoided in material design.
To further enhance the mechanical behavior of cement composites, SiO 2 NPs were introduced to PC@GO aqueous solution to form SiO 2 NPs/PC@GO hybrid. The pozzolanic activity of SiO 2 coupled with nano-lling effect is in favor of the mechanical enhancement of cement composites. 16, 17 The effects of SiO 2 NPs/PC@GO hybrid on the compressive strength of cement composites have been explored with GO concentration xed at 0.02 wt% and various SiO 2 NPs dosages.
For hybrid-cement samples, it can be clearly observed that with the addition of SiO 2 NPs, the compressive strengths are sharply increased from 40.25 MPa to 55.67 MPa at 3 days, aer which they decrease with further increasing SiO 2 NPs content. The maximum rates of enhancement are 38.31%, 44.47% and 38.89% at 3, 7 and 28 days, respectively, which are much higher than those of cement composites reinforced by a singlepromoter (either PC@GO or SiO 2 NPs). This result suggests the synergistic effects of SiO 2 NPs and PC@GO on cement hydration and microstructure development of hydration products, more in-depth about it will be discussed in the next sections. However, it should be noted that no further increase in compressive strength occurs once the content of SiO 2 NPs reaches 2.0 wt%. The aggregates of SiO 2 NPs with higher content may create unreacted pockets, leading to stress concentration and giving rise to the decrease trend in mechanical strength.
18,19
It is worth while to note that the optimal dosage of SiO 2 NPs in hybrid-cement sample is 1.5 wt%, higher than 1.0 wt% in SiO 2 -cement sample. The elevated threshold of SiO 2 concentration is beneted from the better dispersion of SiO 2 NPs on GO nanosheets, as evidenced by TEM images in Fig. 4. 
Hydration process
To better understand the effects of PC@GO and/or SiO 2 NPs on the hydration process, calorimetry tests were carried out and the results are presented in Fig. 10 and 11 . Additionally, the illustration in Fig. 12 is used to analyze the inuences of these nanoadditives on the hydration kinetics in detail.
When cement particles begin to contact with water, there is a burst of heat associated with the initial dissolution of the powder, which is called the pre-induction period (Stage 1). This period is followed by an induction period of low heat out put (Stage 2). At the end of the induction period (Point A), the hydration rate begins to increase and reaches a maximum value (Point B) at the end of the accelerating period (Stage 3). Subsequently, the hydration rate gradually declines (Stage 4).
20
The hydration parameters extracted from the heat evolution curves are listed in Table 5 , t A and t B indicate the ending point of the induction period and the point of the maximum heat generation rate, respectively. (dQ/dt) A and (dQ/dt) B stand for the heat generation rate at the beginning of the acceleration period and the maximum hydration rate, respectively.
21
In Reference-1 sample, the induction period lasts for only about 1.92 h due to the high activity of ne cement powders. The peak of heat release is found aer approximately 11 h. However, in the case of Reference-2 sample, the induction period is prolonged to about 16 h with the presence of PC, the peak is shi to about 26 h and the peak height is decreased compared to Reference-1 sample. Similar results were reported by Zhang Yanrong and Liu Ming. 21, 22 The polymers covered on cement surface hinder the exchange of water and ions in the system, therefore, the hydration rate is decreased. Besides, the interaction between Ca 2+ ions and PC lowers the Ca 2+ concentration in the system, preventing the nuclei of hydration products.
23,24
Fortunately, the retardation effects of PC can be largely compensated by the addition of nano-additives. It is apparent that the time required to reach the maximum rate is reduced and the peak rate is simultaneously increased in both GOcement paste and SiO 2 -cement past with respect to Reference-2. The oxygen functional groups on GO surface can provide preferential nucleation sites during the hydration, which is responsible for the accelerated cement hydration. SiO 2 NPs with pozzolanic activity and high specic surface area also promote the cement hydration by nucleus effects. The value of t A is further shortened to about 6 h in hybrid-cement sample, and the maximum heat rate is increased by a factor of 47% compared with Reference-2 paste. These results suggest that the better dispersed SiO 2 NPs/PC@GO hybrid can generate more reactive nucleation sites for the growth of hydration products, giving an early and higher heat release peak.
The cumulative heat curves of hydration over a period of 72 h are shown in Fig. 11 . The amount of heat released by cement hydration can partially reect the hydration degree. It is clearly shown that the hydration heat reaches a relative stable state aer 60 h. The total heat of hydration in Reference-2 sample containing PC is slightly lower than that in Reference-1 sample due to the retardation effect of PC. In contrast, the samples incorporating nano-additives exhibit higher total heat, indicating the accelerated degree of cement hydration.
The results of thermal gravity analysis of cement pastes during 3, 7 and 28 days are presented in Fig. 13 . According to the TGA curves, the samples begin to lose moisture below 100 C, which is attributed to the escape of evaporable water and part of bound water. In the range of 120-150 C the broad peak is observed due to the existence of ettringite and C-S-H gels. The second main mass loss between 400-500 C is attributed to the dehydration of Ca(OH) 2 . There is another small mass loss at about 600-700 C due to the decomposition of CaCO 3 resulting from uncontrolled carbonation. The non-evaporable water content is employed to estimate the degree of cement hydration, which is determined according to the following equation: Fig. 10 Calorimetry curves of reference samples and samples with nano-additives. Fig. 11 The cumulative heat curves of reference samples and samples with nano-additives. where M water represents the mass of non-evaporable water in percentage, M 105 C and M 1000 C stand for the masses of cement paste aer heat treatment under 105 C and 1000 C in percentage, respectively. The content of CH is related to the hydration of cement and pozzolanic activity of mineral admixtures, it is calculated based on the following equation:
where M CH is the mass of calcium hydroxide in percentage, WL CH corresponds to the mass loss, in percentage, due to the dehydration of CH. WL CaCO 3 is the mass loss during the decomposition of CaCO 3 in percentage. The calculating results based on the TGA curves are presented in respective gure.
The contents of non-evaporable water in GO-cement samples and SiO 2 -cement samples are consistently at a higher proportion than those in plain-cement samples at all ages, which is taken as the evidence pertaining to the role of GO and SiO 2 in accelerating cement hydration. Moreover, the degree of cement hydration is further enhanced with the addition of SiO 2 NPs/ PC@GO hybrid, exhibiting the highest non-evaporable water contents (at 28 days, the value is slightly lower than that in SiO 2 -cement sample), especially at early days. These results are in good agreement with the conclusions obtained by calorimetry measurement.
With the hydration of alite (C 3 S) and belite (C 2 S) phases, the precipitation of calcium hydroxide increases, its quantity can be estimated as the degree of cement hydration. However, CH crystals tend to precipitate as hexagonal plates with different orientations and weak cohesive forces, which impose negative effects on mechanical strength of cement composites. In this research, it is expected to rene the structure or reduce the amount of CH crystals by adding nano-additives. SiO 2 NPs are reported to have the ability to consume the non-strength contributing CH crystals to produce stable C-S-H gels.
16,17
It is observed that the contents of CH in SiO 2 -cement sample and hybrid-cement sample are larger than those in plain- Table 5 Parameters of cement hydration extracted from the heat evolution curves of reference samples and samples with nano-additives Fig. 4(e) ). While in hybrid-cement samples, the uniformly dispersed SiO 2 NPs on GO nanosheets (as illustrated in Fig. 4(f) ) are advantageous to give pozzolanic activity in full play. Another factor responsible for the improved degree of pozzolanic reaction is the hybrid structure of SiO 2 NPs and GO, which makes the ionic transfer from CH crystals nucleated and developed on GO nanosheets to SiO 2 NPs more efficient. DTA investigation was focused on CH, which is the main product of cement hydration. The results of DTA measurement of cement pastes aer curing for 3, 7 and 28 days are given in Fig. 14 .
It is reported that the decomposition temperature of CH crystals is proportional to their sizes. 22 At 3 days, the decomposition temperatures of CH crystals in cement pastes containing nano-additives are much higher than that in reference sample, indicating the larger CH crystals due to the nucleus effects provided by SiO 2 NPs and/or GO. With the increasing of curing time, the decomposition temperature of CH crystals in SiO 2 -cement sample is lower than that in GO-cement sample, though both samples have the similar degree of cement hydration. Additionally, samples containing SiO 2 NPs/PC@GO hybrid present further decreased decomposition temperature of CH. The dispersed SiO 2 NPs with high pozzolanic activity consume CH crystals and diminish their size simultaneously. The DSC results are well consistent with those from thermal gravity analysis in the previous discussion.
XRD analysis was performed on the powders of cement composites to study the effects of GO nanosheets and/or SiO 2 NPs on the qualitative and quantitative of various crystalline phases aer curing for 28 days. The XRD patterns are shown in Fig. 15 NPs. This partially supports the conclusion derived from thermal gravity analysis that the SiO 2 NPs/PC@GO hybrid harbors the ability to promote the pozzolanic reaction. However, the investigation of the main product of cement hydration and pozzolanic reaction, C-S-H, is limited by XRD due to its amorphous structure. In this research, the characterization of C-S-H was carried out with the aids of SEM, which will be discussed in detail in the next section.
Microstructure
To investigate the effects of GO nanosheets and/or SiO 2 NPs on the microstructure of cement hydration products, SEM images were taken from the fracture surfaces of the cement mortars. The results are shown in Fig. 16 . In order to obtain more information about the hydration products, the chemical element composites of the areas in black rectangles in corresponding SEM images were determined by EDS and the results are listed in Table 6 . Hexagonal plates with loose structure are predominant in Fig. 16(a) , the element percentage of this ake-like hydration crystal is close to CH. Aer the evaporation of free water in cement matrix, the liberated CH akes leach out in the local region with a higher water/cement ratio. These crystals are responsible for the brittleness of cement composites. A great number of merged plates with element components closing to CH are formed with the presence of GO. These crystals are more compact and regular distributed ( Fig. 16(b) ). The result suggests that the microstructure of hydration products is rened by GO. Further more, the large surface areas of uniformly distributed GO nanosheets demand free water to wet their surface, as a result, the evaporation of free water is inhibited and the precipitation of ake-like CH crystals is prevented. In SiO 2 -cement sample and hybrid-cement sample, with the addition of pozzolanic SiO 2 NPs, the CH crystals are hardly to recognize, the element components of the dense structure in the selected areas in Fig. 16 (c) and (d) are close to the semi-crystalline C-S-H gels. The C-S-H gels in hybrid-cement sample are well-developed and have undergone fusion to form the extremely compact microstructure. This is prot from the higher degree of pozzolanic reaction offered by the hybrid structure of GO nanosheets and SiO 2 NPs.
Mechanism analysis of synergistic effects of SiO 2 NPs/ PC@GO hybrid
Based on the above results and discussion, possible mechanisms of synergistic effects of SiO 2 NPs/PC@GO hybrid are proposed, and a schematic diagram is shown in Fig. 17 . GO nanosheets are rst modied by PC to ensure better dispersion in alkaline cement matrix. SiO 2 NPs used in this research are hydrated silica with silanol groups on their surface. The high surface energy and self-condensation of Si-OH groups make SiO 2 NPs attract each other to form aggregates. When SiO 2 NPs are introduced into the synthesized PC@GO solution, they are uniformly deposited on GO nanosheets through covalent interaction between Si-OH and functional groups of GO ( Fig. 17(a) ). In the hydration process, the active SiO 2 NPs/PC@GO hybrid provides protable growth points for hydration products. Then the hydration reactions continue to take place at the growth points, as a result, the hydration products develop on the surface of SiO 2 NPs/PC@GO hybrid instead of on the unhydrated cement grains (Fig. 17(b) ). This seeding effect of SiO 2 NPs/PC@GO hybrid can accelerate the cement hydration to yield compact microstructure. Along with the hydration, SiO 2 NPs with pozzolanic activity gradually react with CH crystals to form high density C-S-H gels, the most desirable products of cement hydration and greater contributors to mechanical strength (Fig. 17(c) ). The hybrid structure of SiO 2 NPs and PC@GO makes the ionic transfer in the hydration system more efficient, as a result, the C-S-H gels developed around GO nanosheets tend to merge together with the secondary C-S-H gels, leading to the formation of the network structure ( Fig. 17(d) ). In addition to the higher degree of cement hydration and pozzolanic reaction, the improved chemical bonding among SiO 2 NPs/PC@GO hybrid and cement matrix is also achieved. Fig. 18(a) describes the covalent bonding between SiO 2 NPs and GO nanosheets (taking Si-OH and -COOH for instance). In the hydration process, the surface functional groups of GO rst act as nucleating sites for the hydration products. This is followed by the development of chemical reaction between the functional groups and hydration products (Fig. 18(b) ). 26, 27 As the pozzolanic reaction continues, the secondary C-S-H gels tend to fuse together through covalent bonding with the C-S-H gels around GO nanosheets. Finally, the cross-linking structure of [SiO 2 -GO-CSH] is formed using GO as the bridge (Fig. 18(c) ). This crosslinking structure can alleviate stress concentration and facilitate the load-transfer uniformly throughout cement matrix, which is favorable for the improvement of mechanical strength.
Conclusions
In this paper, the co-effects of SiO 2 NPs/PC@GO hybrid on the compressive strength of cement composites have been investigated. Additionally, the cement hydration characteristics with the addition of nano-additives (SiO 2 NPs and/or PC@GO) are also examined by means of isothermal calorimetry, TGA, DSC, XRD, SEM and EDS.
The results show that SiO 2 NPs tend to uniformly distribute on the surface of GO nanosheets through covalent interactions between Si-OH groups and GO functional groups. The addition of SiO 2 NPs/PC@GO hybrid (1.5% SiO 2 and 0.02% GO by weight of cement) results in 38.31%, 44.47% and 38.89% enhancement of cement compressive strength at 3, 7 and 28 days, higher than that of cement composites reinforced by a single-promoter (either PC@GO or SiO 2 NPs). Our results demonstrate that the addition of SiO 2 NPs/PC@GO hybrid can accelerate the cement hydration, improve the degree of pozzolanic reaction and reduce the slack packed CH crystals. Based on these results, we conclude that the synergistic effects of SiO 2 NPs/PC@GO hybrid are considered to be a combination of better dispersed nanoadditives, higher degree of pozzolanic reaction and the crosslinking structure of [SiO 2 -GO-CSH].
This work has shed light on the use of hybrid structure of 0D and 2D nano-materials as reinforcement for cement composites. In the future, the effects of SiO 2 NPs/PC@GO hybrid on the microstructure, exural toughness as well as durability of cement composites will be systematically studied.
